The retinal vasculature is involved in many ocular diseases that cause visual loss. Although fluorescein angiography is the criterion standard for evaluating the retina vasculature, it has risks of adverse effects and known defects in imaging all the layers of the retinal vasculature. Optical coherence tomography (OCT) angiography can image vessels based on flow characteristics and may provide improved information.
F luorescein sodium is a fluorophore with high absorptivity, excellent fluorescence quantum yield, and a long history of being used in ophthalmology. In 1930, Kikai 1 published a report describing injection of intravenous fluorescein and noted that the dye could be seen in the retinal vessels. In 1959, Flocks et al 2 published a report that documented the retinal blood flow in cats with the use of a motion picture camera. They injected the fluorescein intravenously, excited the dye with blue light with the aid of a cobalt filter, and photographically recorded the fluorescein filling sequence of the retinal vasculature in the cat. In the same year, MacLean and Maumenee 3 described how fluorescein angioscopy could be performed using slit-lamp biomicroscopy to diagnose a choroidal hemangioma. Novotny and Alvis 4 published sequential still frames of fluorescein angiography in humans in the journal Circulation in 1961. Fluorescein angiography was adopted by early pioneers in medical retina research studying the retinal vasculature in health and disease because the architecture of the blood vessels, the blood flow, and leakage from damaged or diseased retinal vessels could be evaluated with a simple technique. Although fluorescence of the injected dye enabled improved visualization of retinal capillaries, it became evident that not all retinal capillaries were being visualized. The radial peripapillary capillaries were described from histologic analysis by Michaelson Fluorescein angiography is the criterion standard for in vivo evaluation of the retinal circulation, but paradoxically 2 of the 3 major capillary networks do not appear to be imaged well despite the retina being a nearly transparent structure. Optical coherence tomography (OCT) is a noninvasive technique that provides high-resolution images of the retina. Rapidly performed scans of areas of retinal tissue can be analyzed for variation in some measure of reflectivity, phase shift, or phase variance to construct microvascular flow maps, which are collectively referred to as OCT angiography.
14-21 In this study, the ability to visualize the retinal capillary layers was evaluated in healthy eyes with conventional fluorescein angiography and OCT angiography.
Methods
The study was approved by the Western Institutional Review Board, and patients signed written informed consent forms. The study was performed at a private practice retinal clinic from March 14, 2014, through June 24, 2014, and included 2 volunteers with no significant medical history and no signs or symptoms of ocular disease. Seven patients had ocular problems that were unilateral or, in 1 patient, not involving the macula. These patients all had normal macular OCT evaluation results (Spectralis HRA+OCT; Heidelberg Engineering GmbH). The fluorescein angiograms uniformly were well focused, with adequate exposure and sharpness to visualize the perifoveal capillaries. Fluorescein angiography was performed with the Spectralis HRA+OCT in 1 eye and the IMAGEnet system (Topcon Medical Systems Inc) in 11 eyes. Patients were given a 2-mL intravenous injection of 25% fluorescein solution (Akorn Inc).
OCT Angiography
The instrument used for the OCT images was based on the Optovue RTVue XR Avanti (Optovue Inc) and was used to obtain split-spectrum amplitude decorrelation angiography (SSADA) images. This instrument has an A-scan rate of 70 000 scans per second, using a light source centered on 840 nm and a bandwidth of 45 nm. The tissue resolution is 5 μm axially, and there is a 22-μm beam width. Each B-scan contained 216 A-scans. Five consecutive B-scans (M-B frames) were captured at a fixed position before proceeding to the next sampling location. A total of 216 locations (B-scans) along the slow transverse direction were sampled to form a 3-dimensional data cube. With a Bscan frame rate of 270 frames per second, the 1080 B-scans in each scan sequence were acquired in approximately 4 seconds. Four volumetric raster scans, including 2 horizontal priority fast transverse (x-fast) scans and 2 vertical priority fast transverse (y-fast) scans, were obtained consecutively in 1 session. The best x-fast and y-fast scans were registered using the contained software (ReVue, version 2014.2.0.15; Optovue Inc), which has the ability to correct some motion artifacts, including residual axial motion and transverse saccadic motion. After the processing of the volume scans, the decorrelation in the images, which is essentially 1 minus the correlation, was calculated. Stationary tissue shows a high correlation in imaging characteristics from one frame to the next. Blood flowing through vessels causes a changing reflectance over time and localized areas of low correlation between frames (or conversely a high decorrelation). This method does not use phase information from the OCT signal. The correlated frames were evaluated and statistical outliers were removed from the averaging process to reduce the possibility of tissue motion being present. The spectrum of the light source was split into 4 component parts to decrease the noise present in the image; each was used to perform the decorrelation step, and the results of all 4 were averaged. This split-spectrum strategy trades axial resolution for decreased noise. After this step, a block of information exists that contains levels of decorrelation that range from 0 to 1. In any given region of tissue, the maximal projection image can be viewed to obtain an image
Segmentation of the OCT Angiographic Image
Three main regions were evaluated for the purposes of this study. The radial peripapillary capillary network was visualized in scans centered on the optic nerve head by performing a 3 × 3-mm scan over the nerve. The internal limiting membrane was used as a plane of reference, and a slab thickness sufficient to contain the full thickness of the nerve fiber layer in the surrounding retina was selected. In adjacent retinal areas, separate scans were obtained in 2 × 2-mm sections, and the nerve fiber layer was segmented to obtain the appropriate section of tissue. The thickness of the nerve fiber layer becomes thinner with increasing distance, but the software reveals increasing noise with thinner sections. Therefore, the thinnest sections used were 55 μm. The aggregate images of the radial peripapillary capillary network were merged after elastic warping of the images was performed. The larger vessels were segmented and given a blue color and the radial peripapillary capillaries a red color.
For the purposes of this study, the multiple retinal vascular planes as described by Weinhaus et al 11 were simplified into 2 main layers as was done by Snodderly et al. 12 The ganglion cell layer is invested with one or more layers of capillaries, and these were termed the inner vascular plexus (Figure 1) . The inner capillary layers were imaged by starting with the internal limiting membrane in the macular region and selecting sufficient thickness to include the ganglion cell layer. The inner retina at the fovea and its margin were included in this scan. The inner nuclear layer is ordinarily bracketed by a layer of capillaries on either side. 11,12 The en-face image was segmented with the inner boundary at the outer inner plexiform layer and the outer boundary was set at the midpoint of the outer plexiform layer to obtain images of the outer layers of capillaries.
Image Preparation
The fluorescein image was selected from the earliest frames that showed venous filling that had the sharpest imaging of the retinal capillaries. The central portion of the angiographic image was scaled in size to match the SSADA scan. Because the OCT angiography encompasses a very limited field of view, the corresponding angiographic image had to be substantially enlarged. A composite image structure was made to set up each test image using Photoshop CS6 (Adobe Systems Inc). The fluorescein angiographic image was placed on the right side, and a stack that contained the inner and outer capillary plexuses was placed on the left. With the use of a slider that could be set from 0% to 100%, the mixture of the inner and outer retinal vasculature images of the SSADA scan could be varied by the user and then compared with the conventional fluorescein angiographic image.
Image Test
Each grader (R.F.S., J.M.K., M.J.C.) was given a short tutorial on how to use the grading system followed by 2 illustrative cases that were not part of the test series. The test images were loaded into Photoshop CS6, and each grader adjusted the slider so that the details in the mixed inner and outer retinal plexus images as visualized by the SSADA scan matched the details seen on the fluorescein angiogram. Each grader performed the assessment independently and was masked to the results of the others. The proportion of the inner to the outer capillary layers was recorded, and the results were analyzed using a 2-way analysis of variance test (general linear model; IBM SPSS Statistics 20, IBM).
Results
There were 12 eyes, with the patients ranging in age from 24 to 60 years (median, 52 years). In some eyes, radial arranged capillaries, potentially consistent with the radial peripapillary capillary network, could be imaged in the fluorescein angiogram superotemporal or inferotemporal to the disc, but in no eye could the capillaries be clearly identified elsewhere ( Figure 2) . The radial peripapillary capillary network was readily visible around the disc in all eyes in the SSADA scans. The fluorescein angiograms were matched, with a mean proportion of the inner vascular plexus being 95.3% (95% CI, 92.2%-97.8%) vs 4.7% (95% CI, 2.6%-5.7%) for the outer capillary plexus from the SSADA scans. The 2-way analysis of variance analysis revealed no significant difference among the graders (P = .12) and no significant difference in any of the images graded (P = .73) in terms of proportion of inner vs outer vas- The vessels are shown in red. The radial peripapillary capillaries course parallel to the nerve fibers.
It seems axiomatic that fluorescein, an efficient fluorophore injected intravenously and then imaged with a highresolution fundus camera, should be able to show the vessels embedded in a nearly transparent structure only hundreds of micrometers thick. Early investigators examining the radial peripapillary capillary network used histologic techniques and did not find correlative fluorescein angiographic images. 6-8 One fluorescein angiographic image that showed a section of the radial peripapillary capillary network was published, but this eye had venous-to-venous collaterals that suggested past venoocclusive disease. ner retinal vascular plexus in the present series of human eyes, which seems to confirm the histologic findings of experimental animal models. These findings may portend important consequences in our understanding of the associations between retinal vasculature and ocular diseases. The relative importance of the radial peripapillary capillary network in diseases as wide ranging as glaucoma 6, 25 to diabetic retinopathy 24 has been proposed but has not been studied in detail because of imaging difficulties. Likewise, the relative importance of the outer retinal plexus in retinal diseases has been difficult to ascertain. It is possible that for many disease states the outer plexus is affected in parallel to the inner plexus and fluorescein angiography is sufficient to grade the amount of vascular compromise. It is possible that some conditions, particularly those that involve perfusion, could affect one layer differently from the other. Appreciation that the deeper layer may be selectively involved in vein occlusions and other diseases has come to the fore, not because of unequivocal primary evidence supplied by fluorescein angiography but because of the need to explain opacification in middle layers of OCT B-scans of affected patients. 26, 27 More than 50 years after the publication of fluorescein angiography findings, potential circulatory changes in the outer retinal capillary plexus were deduced principally by the combination of conventional OCT imaging and logic, not by assessment of the outer capillary plexus by fluorescein angiography. The inherent advantages of OCT angiography appear to be the ability to optically dissect and visualize the flow in various layers of the retina, the high resolution obtainable, and the freedom and safety of not having to use an injected dye. Fluorescein angiography provides flow information in that the speed of filling can be roughly compared in patients, physiologic information concerning the health of vessels can be assessed by looking for leakage, and the field of view is much larger. In addition, OCT angiography requires that the patient fixate precisely for several seconds, whereas a useful fluorescein angiographic frame can be obtained in a fraction of a second. Fluorescein angiography involves injection of a dye, which has a small probability of serious complications but a common incidence of minor adverse effects, such as nausea and hives. 28 Adaptive optics methods of visualizing the retinal vasculature require much more time and effort but have the potential to have higher resolution. A dedicated adaptive optics instrument is used to acquire a large number of images, and this is followed by image averaging, which in turn is followed by montaging separate images to obtain a field of view large enough to have clinical utility. Adaptive optics imaging has a limited depth of focus, so each layer of circulation being evaluated has to be specifically targeted at the time of acquisition. With OCT angiography, the layers can be dissected arbitrarily any time after acquisition to obtain flow-based images. This study has the potential for numerous weaknesses inherent in any study of limited sample size. Although it has been recognized for years that fluorescein angiography has problems imaging some layers of capillaries, there is no criterion standard with which to compare OCT angiography. Matching the results of OCT angiography to the results of histologic analysis in animal models would greatly enhance our concepts of this new form of vascular imaging. Many strategies could be used to extract flow information from OCT data sets, and the methods used in the present instrument may not be the best. Future developments in OCT angiography could include being able to have a more continuous monitoring of flow, imaging a larger area of the fundus, and shortening the acquisition time. 
